In the regulation of steroid biosynthesis, a process mediated by the steroidogenic acute regulatory (StAR) protein, both cAMP-dependent and -independent pathways are involved. While the cAMP-dependent regulatory events represent, by far, the most robust increase in steroid synthesis and are well established, the knowledge regarding cAMP-independent mechanisms is lacking. The present investigation was designed to elucidate the potential involvement of the latter in regulating StAR expression and steroidogenesis in mouse Leydig tumor cells (mLTC-1 cells). Treatment of mLTC-1 cells with a number of factors including insulin-like growth factor-I (IGF-I), epidermal growth factor (EGF), fibroblast growth factor, transforming growth factor (TGF)a, interleukin-1 (IL-1), and colony-stimulating factor-1, increased the levels of StAR mRNA, StAR protein, and progesterone to varying degrees and utilized signaling pathways that are not associated with elevations in intracellular cAMP levels. Importantly, phosphorylation of StAR in response to these stimuli was undetectable, which is in marked contrast to observations with human chorionic gonadotropin (hCG), indicating factors that do not alter intracellular cAMP, regulate the steroid biosynthesis in a StAR phosphorylation-independent manner. In addition, the roles for factors involved in cross-talk between the protein kinase pathways, PKA and PKC, were demonstrated. Further characterization of signaling by one such cAMP-independent factor, TGFa, demonstrated that the mechanism, whereby it increased StAR expression and steroid synthesis, was dependent on de novo protein synthesis and mediated via activation of the EGF receptor. TGFa was also able to augment hCG-stimulated cAMP synthesis, StAR protein and StAR phosphorylation, and influence hCG binding and LH receptor mRNA expression. Furthermore, TGFa increased phosphorylation of extracellular signal-regulated kinases 1/2 (ERK1/2) and cAMP-response element-binding protein (CREB), processes inhibited by the mitogen-activated protein kinase/ERK inhibitor U0126 and by expression of non-phosphorylatable CREB-M1 respectively. Inhibition of ERK activity enhanced TGFa-mediated StAR protein expression (but not its phosphorylation) and decreased progesterone synthesis, events correlated with the expression of dosage-sensitive sex reversal, adrenal hypoplasia congenita, critical region on the X chromosome, gene 1 (DAX-1) and scavenger receptor class B type 1 (SR-B1). Collectively, these findings demonstrate that, in mouse Leydig cells, cAMPindependent signaling events regulate steroidogenesis in a StAR phosphorylation-independent manner.
Introduction
Regulation of various Leydig cell functions, including steroidogenesis, are predominantly mediated by luteinizing hormone/chorionic gonadotropin (LH/CG) through the involvement of multiple signaling pathways (Dufau 1988 , Cooke et al. 1992 , Saez 1994 , Ascoli et al. 2002 . The steroidogenic responsiveness of Leydig cells has been shown to be regulated not only by LH/CG but also by peptide and non-peptide hormones, including locally produced factors, prostaglandins, and steroids through endocrine, paracrine, and autocrine events (Saez 1994 , Cooke 1999 . A substantial amount of evidence indicates that the testis produces a variety of regulatory molecules that influence steroidogenesis through local control systems and LH/CG actions are also under the control of many of these factors (Ascoli & Segaloff 1989 , Saez 1994 , Cooke 1999 . It is noteworthy, however, that regulation of steroidogenesis involves both cAMPdependent and -independent signaling. While the role of the former signaling cascade in steroidogenesis is well established, regulatory mechanisms involved in cAMP-independent events remain obscure.
The steroidogenic acute regulatory (StAR) protein mediates the rate-limiting and regulated step in steroid hormone biosynthesis, i.e. the delivery of cholesterol from the outer to the inner mitochondrial membrane (Clark et al. 1994 , Lin et al. 1995 , Stocco & Clark 1996 . Both basic and clinical studies have provided compelling evidence regarding the role of StAR in regulating steroidogenesis (Bose et al. 1996 , Caron et al. 1997 , Miller & Strauss 1999 , Hasegawa et al. 2000 , Stocco 2002 , and striking correlations between the syntheses of steroids and StAR have been demonstrated , Stocco & Clark 1996 , Manna et al. 1999a , Schwarzenbach et al. 2003 . Studies have identified two putative protein kinase (PKA) phosphorylation sites at Ser56/57 and Ser194/195, in murine and human StAR respectively, and the importance of the latter site in obtaining maximal steroidproducing activity of StAR has been demonstrated (Arakane et al. 1997 , Manna et al. 2006 . Given the importance of the StAR protein and to further understand its role in regulating steroid biosynthesis, an investigation of cAMP-independent signaling in steroidogenesis is warranted.
Several lines of evidence indicate that cytokines and growth factors are capable of regulating the Leydig cell steroidogenic machinery in a typically cAMP-independent manner (Ascoli et al. 1987 , Saez 1994 , Lin et al. 1998 , Cooke 1999 , Manna et al. 2002a , although the effect of each of the factors differs depending on the specific parameter being determined. While the cAMP signal transduction pathway is unquestionably the major signaling cascade in the regulation of steroidogenesis and StAR expression, several other intracellular events have been demonstrated to be instrumental in this process (reviewed in Refs. Cooke (1999) , and Stocco et al. (2005) ). These studies demonstrated that the protein kinase C (PKC) signaling plays an important role in regulating StAR expression and steroidogenesis (Pilon et al. 2003 , as has the mitogen-activated protein kinase (MAPK) family of Ser-Thr kinases (Gyles et al. 2001 , Seger et al. 2001 , Manna et al. 2002a , Martinelle et al. 2004 , Martinat et al. 2005 . In addition, StAR's transcriptional regulation has been shown to be mediated by several transcription factors, including the cAMP-response element-binding protein (CREB) and dosage-sensitive sex reversal, adrenal hypoplasia congenita, critical region on the X chromosome, gene 1 (DAX-1) (Manna et al. 2002b , Clem et al. 2005 . In addition, the scavenger receptor class B type 1 (SR-B1), a high-density lipoprotein receptor, was shown to be involved in regulating steroidogenesis by facilitating the mobilization of precursor cholesterol into steroidogenic cells (Rao et al. 2003 , Manna et al. 2006 .
In the present study, the role of cAMP-independent events in the regulation of StAR expression and steroidogenesis was assessed, emphasizing the role of transforming growth factor (TGFa), a growth factor produced within the testis, and binds to the EGF receptor (EGFR) and exerts effects on proliferation and differentiation via the EGFR (Saez 1994 , Schroeder & Lee 1997 , Millena et al. 2004 . These studies have been performed utilizing the mLTC-1 mouse Leydig tumor cell line (Rebois 1982) , a cell line which possesses several characteristics of its normal counterparts, including the secretion of testosterone (Panesar et al. 2003 , Panesar & Chan 2004 , Manna et al. 2006 .
Materials and methods

Plasmids, transfections, and reporter assays
The 5 0 -flanking -966/-1 bp region of the mouse StAR gene (in relation to the transcription start site) was cloned into the pGL3 basic vector (Promega), upstream of a luciferase reporter gene, utilizing the XhoI and HindIII sites (Manna et al. 2002b . The identity of the inserted fragment was tested by restriction endonuclease digestion and by automated sequencing with a Perkin-Elmer Biosystem 310 Genetic Analyzer (ABI PRISM 310; Perkin-Elmer, Norwalk, CT, USA). Expression plasmids for wild-type CREB (WT-CREB) and non-phosphorylatable CREB (CREB-M1, Ser 133-Ala) have been previously described (Manna et al. 2002b) . The plasmid (pRL-SV40) containing the Renilla luciferase gene driven by the SV40 promoter (Promega) was used to normalize the transfection efficiency.
Mouse Leydig tumor cells (mLTC-1; (Rebois 1982) ) (The American Type Culture Collection, Rockville, MD, USA) were maintained in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% fetal bovine serum (Life Technologies) containing antibiotics (Manna et al. 2002b) . Transfection studies were carried out using FuGENE 6-transfection reagent (Roche) under optimized conditions . Briefly, cells were cultured either in 12-or 6-well plates to 65-75% confluence, transfected using 1-2 mg plasmid in the presence of 12-20 ng pRL-SV40 and utilized for treatments following 36 h of transfection.
Luciferase activity in the cell lysates was determined by the Dual-luciferase reporter assay (Promega). After treatments with different factors, 200-275 ml of the reporter lysis buffer was added to the plates and the supernatants were measured for relative light units (luciferase/renilla) in a TD 20/20 Luminometer (Turner Designs, Sunnyvale, CA, USA).
Immunoblotting
Immunoblotting studies were carried out using either mitochondrial or total cellular protein, as described previously (Clark et al. 1994 , Manna et al. 2002a . In brief, mitochondrial or cellular protein (20-30 mg) was solubilized in sample buffer (25 mmol/l Tris-Cl, pH 6$8, 1% SDS, 5% b-mercaptoethanol, 10% glycerol, and 0$01% bromophenol blue) and loaded onto a SDS-12% PAGE gel (Mini Protean II System, BioRad), as described by Laemmli (1970) , with minor modifications (Manna et al. 2002a (Manna et al. , 2006 . Electrophoresis was performed at 200 V for 1 h and the proteins were transferred electrophoretically onto Immuno-Blot polyvinylidene fluoride membranes (BioRad). The membranes were incubated overnight at 4 8C in blocking buffer (Tris-buffered saline containing 0$2% Tween-20 and 4% Carnation non-fat dry milk) and incubated for 2 h with primary antibodies (Abs) for StAR protein (Bose et al. 1999 ) and phospho-StAR protein (a gift from Dr SR King, Baylor College of Medicine, Houston, TX, USA , Manna et al. 2006 ). It should be noted that the former Ab cannot distinguish between non-phosphorylated and phosphorylated StAR and hence, it detects total StAR protein. Other Abs utilized in immunoblotting were obtained from the following sources: cytochrome P450 cholesterol sidechain cleavage (P450scc) (Chemicon International Inc., Temecula, CA, USA), phospho-extracellular signal-regulated kinases 1/2 (ERK1/2), phospho-CREB and CREB (Cell Signaling Technology, Beverly, MA, USA), ERK1/2 (BD Biosciences Pharmingen, San Diego, CA, USA), actin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), 3b-hydroxysteroid dehydrogenase (3b-HSD, a gift from Dr CR Parker, University of Alabama at Birmingham, Birmingham, AL, USA) and DAX-1 (a gift from Dr P. Sassone-Corsi, Université Louis Pasteur, Strasbourg, France). Following incubation with the primary Abs, the membranes were washed and incubated with secondary Abs for 1$5 h, washed again, and the immunodetection of proteins was performed with a Chemiluminescence Imaging Western Lightning Kit (Perkin-Elmer, Boston, MA, USA). The membranes were exposed to X-ray film (Marsh Bio Products, Inc., Rochester, NY, USA) and the intensity of immunospecific bands was quantified using a computer-assisted image analyzer (Visage 2000, Ann Arbor, MI, USA).
Quantitative reverse transcriptase (RT)-PCR
Total RNA from different treatment groups was extracted using Trizol reagent (Invitrogen). RT and PCR were run sequentially in the same assay tube using 2 mg total RNA, as described previously (Manna et al. 1999a (Manna et al. , 2006 . Briefly, StAR and SR-B1 cDNAs were amplified using the following primer pairs: StAR sense, 5 0 -GACCTT-GAAAGGCTCAGGAAGAAC-3 0 , and, StAR antisense, 5 0 -TAGCTGAAGATGGACAGACTTGC-3 0 and SR-BI sense, 5 0 -CTCATCCAAGCAGCAGGTGCTCAAGAA-3 0 and, SR-BI antisense, 5 0 -TGTTTGCCAACGGGTCCGTC-TACCCACC-3 0 respectively. The L19 ribosomal protein gene was used as an internal control, using the sense primer 5 0 -GAAATCGCCAATGCCAACTC-3 0 and the antisense primer 5 0 -TCTTAGACCTGCGAGCCTCA-3 0 . The cDNAs generated were further amplified by PCR using the primer pairs listed previously. The molecular sizes of StAR, SR-B1 and L19 were determined on 1$2% agarose gels, which were then vacuum dried and exposed to X-ray film (Marsh Bio Products) for 1-2 h. The levels of StAR, SR-B1, and L19 signals were quantified using the Visage 2000.
Path-detect Elk1 trans-reporting assay mLTC-1 cells were transfected with the Elk1 transreporting system (Stratagene, La Jolla, CA, USA), which includes a pathway-specific fusion trans-activator plasmid (pFA2-Elk1) that expresses a fusion protein (Manna et al. 2002a) . The fusion trans-activator protein consists of the activation domain of Elk1 (amino acid (aa) 307-427) fused with the yeast GAL4 DNA-binding domain (dbd, aa 1-147), which is driven by a cytomegalovirus promoter. The pFR-Luc reporter plasmid contains a synthetic promoter of the yeast Gal4-binding sites that control expression of the firefly luciferase gene. The pFC2-dbd is a negative control for the pFA2 plasmid that lacks the activation domain of Elk1. Upon co-transfection, the DNA binding domain (dbd) of the fusion trans-activator protein binds to the reporter plasmid at the Gal4-binding sites and phosphorylation of the transcription activation domain of the fusion trans-activator protein by different factors will activate transcription of the luciferase gene, indicating the involvement of the MAPK pathway. Following 36 h of transfection, cells were stimulated for 6 h with different factors as indicated, and the luciferase activity in the cell lysates was determined using a TD 20/20 luminometer (Turner Designs). (Manna et al. 2002a ), using radio-iodinated hCG with a specific activity of 50 mCi/mg (Perkin-Elmer). Cells were stimulated for 0-24 h with TGFa, and 2$5-3$0!10 5 cells were incubated with [ 125 I]-hCG (w100 000 cpm) either in the absence (total) or presence (non-specific) of 250 ng unlabeled hCG (Sigma). Following 16 h of incubation, the reaction was terminated by the addition of 3 ml of ice-cold phosphate-buffered saline (PBS) containing 0$1% BSA. After centrifugation, the supernatant was discarded and radioactivity in the pellet was determined using a gamma counter (1277 Gammamaster, LKB Wallac Oy, Finland).
Northern hybridization analysis
Total RNA (15-20 mg) isolated from different treatment groups was resolved on 1$2% formaldehyde denaturing agarose gels and transferred onto nylon membranes (Hybond-N C , Amersham). An antisense cRNA probe to an extracellular part of the rat LHR (441-849 bp) was produced by in vitro transcription using a riboprobe synthesis kit (Promega), dNTPs, and [a-32 P]-UTP (800 Ci/mmol, Amersham). Prehybridization, hybridization, and washing of the membranes were carried out under stringent conditions, as described previously (Manna et al. 2001 (Manna et al. , 2002a . To evaluate variation in LHR mRNA expression, the membranes were re-hybridized with a cDNA probe for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The membranes were exposed to X-ray film (Marsh Bio Products) for 1-3 days at K80 8C, and quantified as described previously.
Steroid and cAMP assays
Prior to experiments, cells were washed with 0$01 M PBS and incubated in serum-free media. The additives (stimulators, inhibitors, etc.) were constituted fresh, applied to cells and incubated for different timeperiods as indicated. Accumulation of progesterone in the media was determined by radioimmuno assay (RIA) (Manna et al. 2002b) . For assay of cAMP, cells (1!10 5 cells/well in 12-well plates) were treated without or with different factors for 30 min in the presence of 0$5 mM 3-isobutyl-1-methyl xanthine (IBMX) (Sigma-Aldrich), and the level of intracellular cAMP was determined by RIA (Manna et al. 2006) .
Statistical analysis
Statistical analysis was performed by ANOVA using Statview (Abacus Concepts, Inc., Berkeley, CA, USA) followed by Fisher's protected least significant differences test. All experiments were repeated three to four times as indicated in the figure legends. P!0$05 was considered statistically significant.
Results
Role of different factors on StAR, P450scc, 3b-HSD, steroid and cAMP levels mLTC-1, treated with insulin-like growth factor-I (IGF-I, 100 ng/ml), epidermal growth factor (EGF, 10 ng/ml), fibroblast growth factor (FGF, 50 ng/ml), transforming growth factor a (TGFa, 50 ng/ml), interleukin 1 (IL-1, 20 ng/ml), colony-stimulating factor-1 (CSF-1, 50 ng/ml) and human chorionicgonadotropin (hCG, 50 ng/ml) for 6 h demonstrated increases in StAR protein expression to varying degrees when compared with the controls (Fig. 1A) . Maximum effective doses for the factors used were either optimized or based on previous findings (Hales 1992 , Saez 1994 , Lin et al. 1998 , Manna et al. 1999b , 2002a . The magnitude of StAR expression in terms of fold-response over basal was approximately 2$7 with IGF-I, 5$4 with EGF, 1$8 with FGF, 2$9 with TGFa, 1$4 with IL-1, and 3$0 with CSF-1. Under similar experimental paradigms, phosphorylation of StAR (P-StAR), a requirement indispensable for optimal steroid synthesis (Arakane et al. 1997 , Manna et al. 2006 , was undetectable in control, IGF-I, EGF, FGF, TGFa, IL-1, and CSF-1-treated cells (Fig. 1B) . In contrast, a strong P-StAR signal was observed in response to hCG, which also resulted in a 9$3-fold increase in StAR protein expression over basal. No significant effect of these factors was observed on Figure 1 Role of different factors on steroidogenic acute regulatory (StAR), phosphorylation of StAR, P450scc, 3b-hydroxysteroid dehydrogenase (3b-HSD) and progesterone levels in mLTC-1 cells. Cells were treated for 6 h without (Con), or with insulin-like growth factor-I (IGF-I; 100 ng/ml), epidermal growth factor (EGF; 10 ng/ml), fibroblast growth factor (FGF; 50 ng/ml), transforming growth factor a (TGFa; 50 ng/ml), interleukin-1 (IL-1; 20 ng/ml), colony-stimulating factor-1 (CSF-1; 50 ng/ml) and human chorionic gonadotropin (hCG) (50 ng/ml), and subjected to isolation of mitochondria for immunoblotting. Representative immunoblots illustrate expression of (A) StAR, (B) phosphorylation of StAR (P-StAR), (C) P450scc, and (D) 3b-HSD using 24 mg of protein. (E) Accumulation of progesterone in the media of the same treatment groups was determined and expressed as nanogram per milligram protein. Data represent the meanGS.E.M. of three independent experiments. Letters above the bars indicate that these groups differ significantly at least at P!0$05. the expression of P450scc (Fig. 1C ) and 3b-HSD (Fig. 1D ), indicating that they increase StAR expression without affecting these enzymes. Progesterone levels in the media in response to IGF-I, FGF, TGFa, IL-1, and CSF-1 were lower when compared with StAR expression, being between 1$6-and 2$8-fold over controls (Fig. 1E ). On the other hand, EGF and hCG increased progesterone production by 13$6-and 188-fold over basal respectively. These results demonstrate the involvement of StAR phosphorylation-dependent and -independent events in steroid synthesis. In subsequent experiments, a 6-h treatment period and the doses listed previously for the various factors were utilized, unless specified differently.
To affirm or refute the involvement of cAMP on StAR expression and steroidogenesis in response to different factors, the levels of intracellular cAMP were determined. mLTC-1 cells treated for 30 min with IGF-I, EGF, FGF, TGFa, IL-1, and CSF-1 in the presence of 0$5 mM IBMX demonstrated no detectable increase in the levels of cAMP over basal (0$46G0$05 pmol/30 min/10 5 cells) ( Table 1 ). While these factors had no effect on basal cAMP by themselves, they enhanced (with the exception of IL-1) hCG-stimulated cAMP synthesis. hCG resulted in an approximately 26-fold increase in cAMP over basal. These findings demonstrate that IGF-I, EGF, FGF, TGFa, IL-1, and CSF-1 stimulate StAR expression and steroidogenesis in a cAMP-independent manner in mouse Leydig cells.
The response of StAR mRNA expression to different factors was determined next by RT-PCR analysis. As depicted in Fig. 2A , mLTC-1 cells treated with IGF-I, EGF, FGF, TGFa, IL-1, CSF-1, and hCG demonstrated increase in StAR mRNA expression over controls, being approximately 3$1-fold with IGF-I, 6$6-fold with EGF, 2$2-fold with FGF, 3$6-fold with TGFa, 1$6-fold with IL-1, 3$8-fold with CSF-1, and 10$5-fold with hCG.
To determine if these increases in StAR mRNA levels were due to alterations in transcription, cells were transfected with the mouse StAR promoter/reporter segment (-966/-1 StAR-Luc). This segment contains Table 1 Effects of different factors on basal and hCG-stimulated cAMP levels. mLTC-1 cells were incubated without or with different factors at indicated concentrations in the presence of 0$5 mM of IBMX, and the level of intracellular cAMP was determined after 30 min. Effects of these factors on hCG (10 ng/ml) stimulated cAMP levels were also evaluated. . Following 36 h of transfection, cells were treated without (basal) or with these factors for 6 h and luciferase activity in the cell lysates was determined (B). PGL3 basic vector (pGL3) was used as a control. Data represent the meanGS.E.M. of three independent experiments. Letters above the bars indicate that these groups differ significantly at least at P!0$05.
several transcription factor recognition motifs and is similar to full-length (w3$6 kb) promoter responsiveness (Wooton-Kee & Clark 2000, Manna et al. 2002a) . Treatment of transfected cells with IGF-I, FGF, TGFa, IL-1, and CSF-1 had no apparent effects on StARpromoter activity (Fig. 2B) , suggesting elements responsive to these factors may lie upstream of this segment or in intronic sequences of the gene (King et al. 2004 , Manna et al. 2006 . In contrast, EGF and hCG showed approximately 1$8-and 2$9-fold increase (P!0$05) in StAR-promoter activity over basal respectively. These results demonstrate that the elevation in StAR mRNA by IGF-I, FGF, TGFa, and CSF-1 is independent of an alteration in the rate of StAR gene transcription. The effect of hCG-stimulated cAMP synthesis on StAR expression and steroid synthesis by cAMP-independent factors was evaluated. Treatment of mLTC-1 cells with a sub-maximal concentration of hCG (10 ng/ml) resulted in 4$6-and 82-fold increase in StAR protein expression and progesterone production over respective controls, and these parameters were increased in the presence of IGF-I, EGF, FGF, TGFa, and CSF-1 to varying levels (Fig. 3A) . Importantly, while P-StAR was undetectable in response to cAMP-independent factors, they further augmented (P!0$05) hCG-induced P-StAR (Fig. 3B) and progesterone (Fig. 3C ) levels. In particular, these factors were capable of augmenting hCG-stimulated progesterone levels by IGF-I (212%), EGF (256%), FGF (138%), TGFa (167%), and CSF-1 (141%). However, marked increase in progesterone synthesis in response to cAMP-idependent factors in the presence of hCG appeared to be closely associated with increase in P-StAR. Conversely, treatment with IL-1 attenuated hCG-induced StAR protein, P-StAR, and progesterone levels (Fig. 3A-C) . Treatment of the -966/-1 StAR-Luc transfected cells with hCG (10 ng/ ml) in combination with IGF-I, EGF, FGF, TGFa, and CSF-1 demonstrated significant increase (P!0$05) in StAR-promoter activity over the response seen with hCG alone (data not shown).
Role of the PKA and PKC pathways on the effects of different factors in progesterone synthesis
The potential roles of the PKA and PKC pathways in cAMP-independent steroidogenesis in mLTC-1 cells were assessed. Cells treated with IGF-I, EGF, FGF, IL-1, TGFa, CSF-1, and hCG demonstrated approximately 2$1-, 13$9-, 1$7-, 1$5-, 2$4-, 2$8-, and 176-fold increase in progesterone synthesis over basal levels ( Table 2) . Inhibition of PKA activity with the PKA inhibitor H-89 (25 mM; (Rao et al. 2003 , Manna et al. 2006 ) decreased progesterone levels between 34 and 55% under basal and stimulated conditions, suggesting the involvement of endogenous cAMP in steroidogenesis, since these factors had no effects on cAMP levels. On the other hand, H-89 attenuated hCG-stimulated progesterone synthesis by 86%. Using similar experimental paradigms, cells treated with these agents in the presence of the PKC inhibitor GF-109203X (GFX, 20 mM; , Manna et al. 2006 ) demonstrated decrease in progesterone synthesis between 33 and 72%. GFX also inhibited hCG-stimulated progesterone production by 26%. It appears that the PKA and PKC pathways influence cAMP-independent and -dependent steroidogenesis differently, and point to the involvement of cross-talk in these signaling pathways. 
Effects of different factors on MAPK signaling
To understand potential mechanisms involved in cAMP-independent steroidogenesis, the role of these factors on MAPK was investigated. mLTC-1 cells transfected with a path-detect ElK1 trans-reporting system followed by treatment with IGF-I, EGF, FGF, TGFa, IL-1, CSF-1, and hCG demonstrated significant increase (P!0$05) in luciferase activity (Fig. 4) . The magnitude of the responses were approximately 2$6-, 3$4-, 1$7-, 2$4-, 1$9-, 2$5-, and 5$3-fold with IGF-I, EGF, FGF, TGFa, IL-1, CSF-1, and hCG over respective controls, indicating the involvement of these factors in the MAPK pathway.
TGFa signaling in StAR expression and steroidogenesis
The role of cAMP-independent events in regulating StAR expression and steroidogenesis was further evaluated by studying the TGFa signal transduction pathway in mLTC-1 cells. As depicted in Fig. 5A , cells treated with TGFa demonstrated 2$7-and 2$4-fold increase in StAR protein expression and progesterone production over respective controls. Addition of cycloheximide (Chx, 5 mg/ml) to TGFa-treated cells resulted in decrease in StAR protein and progesterone levels, indicating the requirement for ongoing protein synthesis in TGFa-mediated steroidogenic response in these cells.
TGFa is known to bind to the EGFR, hence, the function of this receptor in mLTC-1 cells was determined. The results presented in Fig. 5B show that cells treated with TGFa, EGF, and hCG demonstrated significant increase (P!0$01) in StAR mRNA expression and progesterone production over basal levels. The addition of a selective inhibitor of EGFR, AG1478, to these treatments markedly decreased TGFaand EGF-stimulated StAR expression and progesterone production, but did not affect hCG-induced responsiveness, indicating that the stimulatory effects of TGFa and EGF are mediated via activation of the EGFR.
Since Leydig cells possess LH/hCG receptors, the effect of TGFa on hCG binding and LHR mRNA expression was analyzed. Following a lag period of 4-6 h, mLTC-1 cells incubated with TGFa for 0-24 h demonstrated a decrease in [
125 I]-hCG binding in a temporal manner (Fig. 6A) . In fact, a modest increase (15-20%) in [ 125 I]-hCG binding was noticed at 4 h, which was followed by a significant decrease (P!0$05) Table 2 Role of the PKA and PKC signaling pathways on progesterone synthesis mediated by different factors in mLTC-1 cells. Cells were pretreated with vehicle or with inhibitors of PKA (H-89, 25 mM) and PKC (GF-109203X; 20 mM) for 20 min. Cells were then incubated without or with different factors at the indicated concentrations for 6 h, and progesterone accumulation in the media was determined. Data represent the meanGS.E.M of three independent experiments carried out in triplicates. Values represent progesterone (ng/mg protein)
No inhibitor H-89(PKA inhibitor) GF-109203X(GFX)(PKC inhibitor)
Treatment None 1$87G0$16 1$03G0$09* 1$49G0$11 IGF-I (100 ng/ml) 3$93G0$24 2$26G0$14* 1$08G0$16*** EGF (10 ng/ml) 25$9G3$6 1 2 $64G3$15* 17$38G4$16* FGF (50 ng/ml) 3$18G0$26 2$16G0$19* 1$74G0$13** TGFa (50 ng/ml) 4$32G0$42 2$45G0$16* 2$69G0$17* IL-1 (20 ng/ml) 2$62G0$23 1$52G0$12* 1$33G0$15* CSF-1 (50 ng/ml) 5$24G0$22 2$42G0$18* 2$12G0$26** hCG (50 ng/ml) 334G26 47G8*** 251G14* *P!0$05; **P!0$01; ***P!0$001 vs respective controls (no inhibitor).
Figure 4
Role of different factors in MAPK signaling. mLTC-1 cells were transfected with the path-detect ElK-1 trans-reporting system as described in Materials and methods. Following 36 h of transfection, cells were treated without (Con), or with IGF-I, EGF, FGF, TGFa, IL-1, CSF-1 and hCG (as described in the legend of Fig. 1 ) for an additional 6 h and luciferase activity in the cell lysates was determined. Data represent the mean at 12 h, and at 24 h, the binding was decreased by 65%. To corroborate the [ 125 I]-hCG binding in response to TGFa, its role on LHR mRNA expression was determined (Fig. 6B ). Cells treated with TGFa demonstrated qualitatively similar results as those seen in [
125 I]-hCG binding. Northern hybridization analysis with an LHR-specific probe revealed four LHR mRNA transcripts of 6$9, 2$6, 1$8, and 1$4 kb, and treatment with TGFa decreased all of the transcripts in a coordinate fashion. The decrease in the steady-state levels of LHR mRNA observed with longer periods of TGFa treatment is in agreement with the previous studies using gonadal cells , Cao et al. 1994 , Saez 1994 , Lamm et al. 1999 , Manna et al. 2002a ).
To understand the mechanisms involved in the TGFa-mediated steroidogenic response, we investigated the ERK1/2 signaling cascade that functions in StAR expression and steroidogenesis (Gyles et al. 2001 , Seger et al. 2001 , Manna et al. 2006 . Serum-starved mLTC-1 cells treated with TGFa for 0-60 min demonstrated increase in phosphorylation of ERK1/2 (P-ERK1/2) at 5 min (P!0$01), was maximal at 15 min, and decreased thereafter with time (Fig. 7A ). Addition of a MAPK/ERK (MEK) inhibitor U0126 (U0, 12 mM) markedly attenuated TGFa-mediated P-ERK1/2. The amount of total ERK1/2 was unaltered during this timecourse. In addition, cells treated with TGFa demonstrated a 2$8-fold increase in StAR protein expression, which was further augmented by 2$1-fold in the presence of U0 (Fig. 7B) . U0 alone was found to increase StAR protein levels. However, P-StAR was undetectable in these treatments (Fig. 7C) . While U0 was able to increase TGFa-stimulated StAR expression, progesterone production was decreased by 36-52% under basal and stimulated conditions (Fig. 7D ). These results demonstrate that U0 influences StAR expression and steroidogenesis without affecting StAR phosphorylation.
To obtain more insight into these mechanisms, the expression of DAX-1 and SR-B1, the two proteins involved in the steroidogenic process, were analyzed. mLTC-1 cells treated with increasing concentrations of TGFa (0-300 ng/ml) demonstrated a dose-dependent increase in StAR protein expression (Fig. 8A) , which inversely correlated with the expression of DAX-1 (Fig. 8B) . No apparent effect of TGFa on the expression of P450scc protein was observed (Fig. 8C) . The decrease in progesterone synthesis seen in response to U0 was then investigated by determining the expression of SR-B1, a receptor involved in the uptake of cholesterol for steroid biosynthesis (Fig. 8D,E) . It can be clearly seen that constitutive expression of SR-B1 mRNA increased approximately 2$3-fold over basal in response to TGFa, and simultaneous incubation with U0 decreased SR-B1 mRNA expression by 45%. Thus, it is probable that the decrease in TGFa-mediated progesterone synthesis in Figure 5 Effect of TGFa on StAR expression and progesterone production, their dependence on ongoing protein synthesis and the relevance of EGFR in TGFa function. mLTC-1 cells were treated for 6 h without (Con) or with TGFa (50 ng/ml) in the absence or presence of Chx (5 mg/ml). Mitochondria from different groups were isolated for immunoblotting, and a representative immunoblot demonstrates the effect of TGFa on StAR protein expression (A). IOD values of each band were quantified and compiled from three independent experiments. Progesterone levels in the media were determined. Panel B illustrates the functional relevance of EGFR in TGFa stimulated StAR mRNA expression and steroid synthesis. Cells were treated without (Con), or with TGFa (50 ng/ml), EGF (10 ng/ml) and hCG (50 ng/ml), in the absence or presence of a specific inhibitor of EGFR, AG1478 (AG, 100 nM). A representative autoradiogram illustrates the effects of different factors on StAR mRNA expression as determined by RT-PCR analysis. IOD values of each band were quantified and normalized to the intensity of the corresponding L19 bands (GS.E.M., nZ3). Progesterone levels in the media were determined. Data represent the meanGS.E.M. of three to five independent experiments. Note the different scales on the graph. the presence of U0 was, at least in part, due to the inhibition of SR-BI expression that would in turn result in insufficient cholesterol availability.
Role of different factors on CREB phosphorylation and its relevance to TGFa responsive StAR gene transcription
CREB has been shown to be involved in the transcriptional regulation of StAR, a process markedly inhibited by the expression of non-phosphorylatable CREB (Manna et al. 2002b . Thus, it was of interest to determine whether cAMP-independent factors play roles in CREB phosphorylation (P-CREB). As illustrated in Fig. 9A , mLTC-1 cells treated with different factors for 30 min (Clem et al. 2005 , Manna et al. 2006 , increased P-CREB to varying levels. P-CREB appeared as a doublet and was enhanced approximately 2$2-, 3$1-, 1$9-, 2$7-, 1$8-, 2$9-and 4$8-fold over controls in response to IGF-I, EGF, FGF, TGFa, IL-1, CSF-1, and hCG respectively. No apparent change was observed in the CREB protein levels. Additionally, cells treated for 30 min with increasing concentrations of TGFa (0-300 ng/ml) demonstrated a dose-responsive increase in P-CREB without affecting the amounts of total CREB (Fig. 9B) .
The relevance of CREB phosphorylation by TGFa on StAR gene transcription was investigated using a mutant CREB (CREB-M1) in which Ser133 was mutated to Ala (Ser 133 Ala). mLTC-1 cells co-transfected with wild type (WT)-CREB in the presence of the -966/-1 StAR reporter segment, resulted in 1$6-fold increase in luciferase activity in response to hCG, over the response seen in mock-transfected cells (Fig. 9C) . It is noteworthy, however, that while TGFa had no effect on StAR-promoter activity, it significantly increased (P! 0$05) hCG-stimulated reporter response that could be due to an elevation in cAMP level. Cells transfected with CREB-M1 strongly diminished basal, hCG, and TGFa plus hCG-mediated StAR promoter responses, demonstrating that phosphorylation of CREB is a mechanism involved in cAMP-independent regulation of StAR transcription.
Discussion
Regulation of the steroidogenic machinery in gonadal cells involves a complex interaction of a diversity of hormones and numerous signaling pathways (Saez 1994 , Cooke 1999 , Ascoli et al. 2002 . While LH/CG is the major regulator of various Leydig cell functions, including steroidogenesis, there is a large body of evidence indicating that the steroidogenic responsiveness of Leydig cells can also be modulated by circulating peptides and locally produced factors. It has been well documented that the StAR protein regulates steroid biosynthesis by mediating the intramitochondrial transport of cholesterol, the rate-limiting and regulated step in steroidogenesis. cAMP-dependent mechanisms predominantly regulate StAR expression and thus, steroid biosynthesis. However, considerable evidence indicates the presence of a role for cAMP-independent signaling events in steroidogenesis (Cooke 1999 , and the present studies were aimed at elucidating these Effect of TGFa on LHR mRNA expression was determined (B). Cells were also treated without or with TGFa (50 ng/ml) for 0-24 h and subjected to extraction of total RNA for northern blotting. A cRNA probe for the extracellular segment of the rat LHR (441-849 bp) was used for hybridization using 20 mg of total RNA. A representative autoradiogram illustrates the effects of TGFa on LHR mRNA expression. Molecular sizes of different LHR mRNA splice variants (6$9, 2$6, 1$8, and 1$4 kb) are indicated on the right. GAPDH mRNA expression in each fraction demonstrates equal loading of RNA (lower panel). Northern blot data are representative of three independent experiments. cAMP-independent events in steroidogenesis $ P R MANNA and others 89 www.endocrinology-journals.org
Journal of Molecular Endocrinology (2006) 37, 81-95 mechanisms in the regulation of StAR expression and steroid synthesis in mouse Leydig cells. In the present study, a number of extracellular factors were found to stimulate StAR mRNA, StAR protein, and steroidogenesis in a cAMP-independent manner. While it is clear that cAMP-independent effects of various factors on steroidogenesis are quite small when compared with the cAMP-dependent pathway, nevertheless, cAMP-independent pathways could be very important in modulating local regulation of Figure 7 Role of TGFa on ERK1/2 signaling and its relevance to StAR expression and steroid synthesis. mLTC-1 cells were serum starved for 4 h, then pretreated for 15 min with either vehicle or a MEK inhibitor, U0126 (U0, 12 mM), and incubated with TGFa (50 ng/ml) for 0-60 min. Phosphorylation of ERK1/2 (P-ERK1/2; p44/p42) and total ERK1/2 (ERK1/2; p44/p42) in the cell lysates (22 mg of protein) were determined by immunoblotting. Representative immunoblots illustrate time response patterns of P-ERK1/2 and ERK1/2 (A) in different groups. (B) Cells were also pretreated for 15 min with either vehicle or U0 and then incubated for 6 h without (Con) or with TGFa (50 ng/ml) and subjected to isolation of mitochondria for StAR protein expression and StAR phosphorylation (P-StAR) using 25 mg of protein. These experiments were repeated three times, and representative immunoblots are shown (B and C). Expression of actin in different treatment groups was determined as a loading control (lower panel). IOD values of each StAR band were quantified. Accumulation of progesterone in the media of these groups was determined and expressed as nanogram per milligram protein (D). Data represent the meanGS.E.M. of three independent experiments.
Figure 8 TGFa, ERK1/2 and steroidogenesis and their relevance to DAX-1 and SR-BI expression. mLTC-1 cells were treated for 6 h with increasing concentrations of TGFa (0-300 ng/ml), and StAR, DAX-1 and P450scc protein expression in the cell lysates (20 mg of protein) were determined by immunoblotting. Representative immunoblots illustrate the dose-response pattern of StAR (A), DAX-1 (B) and P450scc (C) protein expression. Cells were pretreated for 15 min with either vehicle or U0126 (U0, 12 mM), then incubated for 6 h without (Con) or with TGFa (50 ng/ml), and subjected to isolation of total RNA for determining SR-B1 mRNA expression by RT-PCR analysis. A representative autoradiogram illustrates the expression of SR-B1 mRNA in the different treatment groups (D) . IOD values of each SR-B1 mRNA band were quantified and normalized to the corresponding L19 signals (E). Accumulation of progesterone in the media was determined (E). Data represent the meanGS.E.M. of three independent experiments. Letters above the bars indicate that these groups differ significantly at P!0$05. Note the different scales on the graph. steroid biosynthesis in steroidogenic tissues. Previous studies have demonstrated that phosphorylation of Ser194 of the mouse StAR protein is required for producing optimal levels of steroid synthesis (Arakane et al. 1997 , LeHoux et al. 2004 . Using a phospho-StAR Ab to Ser194, we observed that none of the cAMPindependent factors were capable of phosphorylating StAR. In contrast, hCG, which primarily exerts its action via cAMP signaling, markedly increased StAR phosphorylation concomitant with steroid production, demonstrating a critical role for phosphorylation in maximally stimulating steroid bisosynthesis , Manna et al. 2006 . As a result, P-StAR is the likely mechanism to explain the dramatic differences observed in steroid synthesis between cAMP-independent and -dependent regulatory events.
cAMP-independent factors (with the exception of IL-1), while unable to enhance intracellular cAMP levels by themselves, were capable of enhancing hCGmediated cAMP levels in mLTC-1 cells. Consequently, in those particular experiments, it is conceivable that marked increase in StAR expression and steroidogenesis by cAMP-independent factors in the presence of hCG could be due to an increase in the levels of cAMP , Manna et al. 2006 . It is also possible that these factors may play important roles in regulating other testicular/ovarian functions, including developmental processes and reproductive functions (Baker et al. 1996 , Pollard 1997 , Park et al. 2004 , Jamnongjit et al. 2005 . In the present findings, no significant effect on the expression of P450scc and 3b-HSD in response to these factors was observed. However, studies have demonstrated that many of them were capable of increasing hCG-stimulated P450scc levels (van Haren et al. 1992 , Lin et al. 1998 , Cooke 1999 . On the other hand, the inhibition of the hCG-stimulated steroidogenic response by IL-1 can be explained by previous findings that demonstrated a decrease in LHR function and steroidogenic enzymes, including P450scc, P450c17, and 3b-HSD in Leydig cells (Lin et al. 1991 , Hales 1992 , Mauduit et al. 1992 ). Thus, it seems possible that a balance between the positive and negative effects of different factors may allow the fine-tuning of the regulatory events associated with testicular functions.
The involvement of several second messenger systems including the PKA (Balasubramanian et al. 1997 , Sekar et al. 2000 , Wang et al. 2000 and PKC (Fiedler et al. 1999 , Manna et al. 2006 pathways in the regulation of steroidogenesis have been demonstrated. The present data demonstrate that stimulation of steroidogenesis by factors involving cAMP-independent and -dependent events utilize both PKA and PKC signaling and likely represent cross-talk between the pathways. The observation that inhibition of PKA activity also decreased the steroidogenic response mediated by Figure 9 The role of different factors in cAMP-response elementbinding protein (CREB) phosphorylation, and its relevance to TGFa responsive StAR gene transcription. mLTC-1 cells were treated for 30 min with different factors (as described in the legend to Fig. 1) . Phosphorylation of CREB (P-CREB) and total CREB (CREB) in the cell lysates (23 mg of protein) were determined by immunoblotting (A). Cells were also stimulated with increasing concentrations of TGFa (0-300 ng/ml), and P-CREB and CREB were determined using 22 mg total protein (B). These experiments were repeated three times and representative immunoblots illustrate P-CREB and CREB levels following the different treatments. mLTC-1 cells were also transfected with empty vector (pcDNA3), wild-type CREB (WT-CREB) and non-phosphorylatable CREB (CREB-M1) in the presence of the -966/-1 StAR promoter segment (C). Cells were co-transfected with pRL-SV40 for normalization of transfection efficiency. Following 36 h of transfection, cells were treated without (basal), or with TGFa (50 ng/ml), hCG (50 ng/ml) or a combination of them for an additional 6 h and luciferase activity in the cell lysates was determined. Data represent the meanGS.E.M. of four independent experiments. cAMP-independent factors could indicate that the synergistic action of these factors on hCG-stimulated steroidogenesis requires the involvement of endogenous cAMP. The importance of PKA in the ongoing steroid synthesis has recently been demonstrated by using different PKA inhibitors, and reported on a possible mechanism via guanine nucleotide exchange factors for the cross-talk between different signaling pathways in steroidogenic cells (Chin & Abayasekara 2004 ). However, it should be taken into account that the results presented here were obtained utilizing an established mouse Leydig cell line and thus, extrapolation of these findings in vivo may not be warranted.
An interesting aspect of the present study is that the regulation of cAMP-independent steroidogenesis does not affect StAR phosphorylation. We did observe that the action of one factor, TGFa, in increasing StAR expression and steroid synthesis was dependent on the ongoing protein synthesis. However, the lack of effect of TGFa (and other specific cAMP-independent factors) on StAR-promoter activity indicates that their effects on the induction of StAR mRNA are independent of an alteration in the rate of StAR gene transcription (Devoto et al. 1999 , King et al. 2004 , Manna et al. 2006 . The marked inhibition of TGFa-induced StAR expression and steroid synthesis by AG1478 provided evidence that TGFa stimulates steroidogenesis via activation of the EGFR and reinforces the idea that TGFa and EGF bind to the same receptor (Saez 1994 , Schroeder & Lee 1997 . In support of this mechanism, the effects of TGFa and EGF in the regulation of steroidogenic function were demonstrated to be mediated by EGFR in immature rat Leydig cells (Millena et al. 2004) . Furthermore, while acute treatment of TGFa in mLTC-1 cells had no apparent effects on [
125 I]-hCG binding and LHR mRNA expression, its chronic exposure attenuated these responses, an observation consistent with the previous findings with EGF , Saez 1994 , Lamm et al. 1999 , Manna et al. 2002a ). In addition, longer-term incubation with cAMP-independent factors in mLTC-1 cells was associated with positive (IGF-I and FGF) and negative (EGF, IL-1, and CSF-1) effects on [ Conflicting results for the role of the MAPK/ERK signaling cascade in regulating StAR expression and steroidogenesis in different steroidogenic cells have been demonstrated (Gyles et al. 2001 , Seger et al. 2001 , Tai et al. 2001 , Dewi et al. 2002 , Manna et al. 2002a , Seto-Young et al. 2003 , Tajima et al. 2003 , Martinelle et al. 2004 . For example, inhibition of MAPK/ERK (MEK) activity with PD98059 and U0126 has been shown to be associated with stimulation (Seger et al. 2001 , Tajima et al. 2003 , inhibition (Gyles et al. 2001 , Manna et al. 2002a , Martinelle et al. 2004 , or no effect (Tai et al. 2001 , Seto-Young et al. 2003 , Tajima et al. 2005 ) on the steroidogenic response. In the present study, different factors were found to stimulate MAPK signaling to various levels as determined using a pathdetect Elk-1 trans-reporting assay. Nevertheless, we demonstrate that the activation of TGFa-mediated ERK1/2 phosphorylation was diminished by a MEK inhibitor, U0. However, inhibition of ERK1/2 activity increased TGFa-responsive StAR protein expression (but not StAR phosphorylation), and attenuated progesterone synthesis. Consistent with this, inhibition of MEK was demonstrated to enhance basal-and LH-stimulated StAR expression, but attenuate steroid synthesis both in primary and in mouse Leydig tumor cells (Martinat et al. 2005) , an observation in agreement with IGF-I responsive steroidogenesis (Manna et al. 2006) . MEK inhibition has also been associated with hCG-responsive decrease (Gyles et al. 2001 , Martinelle et al. 2004 ) and LH/FSH-mediated increase (Seger et al. 2001 , Tajima et al. 2003 in StAR expression and steroid synthesis in gonadal cells. We have previously demonstrated that inhibition of MEK was capable of decreasing EGF-and (Bu) 2 cAMP-responsive StAR expression and steroid synthesis in mouse Leydig cells (Manna et al. 2002a) . In granulosa-lutein cells, LH/hCG-induced steroidogenesis was demonstrated to be unaffected by MEK inhibitors, however, the same inhibitors decreased (Bu) 2 cAMP-, cholera toxin-, and forskolin-stimulated progesterone synthesis (Dewi et al. 2002) . Furthermore, while MEK inhibition has been shown to markedly attenuate IGF-I-induced progesterone production, no apparent effect of this inhibitor was found in insulinstimulated human granulosa cells (Seto-Young et al. 2003) . Taken together, these findings demonstrate a complex role for the MAPK/ERK cascade in the regulation of the steroidogenic response that appeared to be dependent on receptor-effector coupling, and is tissue-and stimulus-specific. We also demonstrated that TGFa-mediated increase in StAR protein inversely correlated with a decrease in DAX-1 expression when mLTC-1 cells were treated with U0 (Manna et al. 2006) . Angiotensin II and cAMP analog-stimulated increase in StAR protein levels have previously been shown to be correlated with decrease in DAX-1 expression in adrenal (Osman et al. 2002) and MA-10 (Jo & Stocco 2004 ) cells respectively. Furthermore, inhibition of MEK resulted in an inhibition of SR-B1 expression, an observation in concurrence with our earlier findings that U0 blocked the availability of cholesterol to the mitochondria by inhibiting expression of SR-B1 (Manna et al. 2006) . However, the mechanism accounting for the role of U0 in inhibition of SR-B1 mRNA expression in mLTC-1 mouse Leydig cells requires further investigation. Overall, activation of the MAPK/ ERK pathway with different compounds may involve discrete signaling events and may indicate the importance of additional factor(s) in the steroidogenic response.
One of the well known downstream targets of PKA, PKC, and other kinases is the activation of CREB and this event has recently been shown to be highly instrumental in the transcriptional regulation of StAR (Manna et al. 2002b , Rosenberg et al. 2002 . Upon phosphorylation of CREB on Ser133, it then interacts with CRE sequences. While the StAR gene lacks consensus CREs, three highly conserved 5 0 CRE half-sites were identified in the proximal region of the StAR promoter and the involvement of CREB in the regulation of StAR transcription was demonstrated unequivocally (Manna et al. 2002b (Manna et al. , 2006 . In the present study, all the factors studied were capable of phosphorylating CREB. This was further shown in experiments indicating that activation of TGFa-mediated phosphorylation of CREB, resulting an increase in StAR gene expression, was effectively inhibited by expression of a non-phosphorylatable CREB, demonstrating the importance of CREB phosphorylation in transcriptional regulation of the StAR gene.
Taken together, these findings provide insight into the mechanisms of cAMP-independent events regulating StAR expression and steroidogenesis that occur in a StAR phosphorylation-independent manner. In the absence of StAR phosphorylation, steroid biosynthesis is moderate when compared with that occurring in the cAMP-dependent pathway, but may account for important mechanisms involved in fine tuning the regulation of steroidogenesis by locally produced factors.
